Hepatocellular carcinoma (HCC) is a fatal disease with great public health impact worldwide. Heme oxygenase (HO)-1 has recently been reported as an important player in tumor angiogenesis and metastasis. However, the role of HO-1 in liver cancer metastasis is unclear. In this study, we explored genetic differences and downstream signal transduction pathways of HO-1 in liver cancer cell lines. HO-1 wild-type and mutant cell lines were generated from human liver cancer cell line HepG2. The overexpression of wild-type HO-1 decreased the migration of HepG2 cells. In contrast, the overexpression of mutant HO-1G143H increased the migration of the cancer cells. Interleukin (IL)-6 is one of the major downstream molecules that mediated this process because IL-6 expression and migration are suppressed by HO-1 and increased when HO-1 is knocked down by shRNA. In addition, we demonstrated carbon monoxide (CO) and p38MAPK are the cofactors in this signal pathway. In vivo animal model demonstrated HO-1 inhibited the tumor growth. In conclusion, in vitro and in vivo data show HO-1 inhibits the human HCC cells migration and tumor growth by suppressing the expression of IL-6. The heme degradation product CO is a cofactor in this process and inhibits p38MAPK phosphorylation.
Introduction
Liver cancer is the fifth most frequently diagnosed cancer and the second most frequent cause of cancer death in men worldwide. An estimated 748 300 new liver cancer cases and 695 900 cancer deaths occurred worldwide in 2008 (1) . The high rate of recurrence and metastasis after curative resection is one of the major causes of mortality in hepatocellular carcinoma (HCC) patients. The metastasis of tumor cells is a complex multistage process involving invasion, migration, cancer cell adhesion, angiogenesis as well as the tumor cells survival and persistent growth in the distant organ (2) . The study of metastasis mechanism may help identify therapeutic targets.
Heme oxygenase (HO) is the rate-limiting enzyme in heme metabolism by catalyzing degradation of the heme group into carbon monoxide (CO), free iron and biliverdin. At least three mammalian HO isoforms have been identified. HO-1, HO-2 and HO-3 and these have distinct patterns of tissue-specific gene expression. HO-1 is inducible, highly expressed in the spleen and liver, and normally found in very low levels in mammalian tissue (3, 7) . HO-2 is constitutively expressed in most tissues except brain and testes (4) . The upregulation of HO-1 has been recognized as an adaptive response to several stress stimuli (5) . There has been accumulating evidence supporting the role of HO-1 in the cytoprotection against oxidative stress and other stimuli (6) . However, several studies also demonstrate that HO-1 overexpression is implicated in the pathogenesis and progression of several types of malignancies (7) . In tumor-bearing mice, overexpression of HO-1 causes increased viability, proliferation and angiogenic potential of melanoma cells and augmented metastasis (8) . Recent studies have found that HO-1 is indirectly involved in metastasis and invasion of several types of malignancies, including breast cancer (9, 10) , prostate cancer (11, 12) and lung cancer (13) .
Multiple lines of evidence support the idea that biliverdin, bilirubin, free iron and CO contribute to the physiological functions of HO-1, including antioxidative, anti-inflammatory, antiproliferative and antiapoptotic effects (6) . HOs are the main producers of CO in the human body. Great attention has been recently paid to the presumed antiinflammatory functions of CO (14) . It has been demonstrated that CO at a physiological concentration (100-500 p.p.m.) inhibits the production of proinflammatory cytokines tumor necrosis factor-a and increases the synthesis of the anti-inflammatory cytokine interleukin (IL)-10 in macrophages treated with lipopolysaccharide and in vivo (15, 16) .
The tissue microenvironment plays an important role in tumor development and progression both at the primary site and at sites of metastases (11) . Cytokines and chemokines constitute a proinflammatory network that directly contributes to malignant progression (17) . IL-6, a cytokine categorized as pro-and anti-inflammatory, presents at higher levels in HCC patients than healthy individuals (18) . In addition, IL-6 blood levels have been shown to be elevated in patients affected with several solid malignancies, including renal cell carcinoma (19) , head and neck cancer (20) and colorectal cancer, and especially with those with liver metastases (21) . Recently, Wang et al. (22) report that estrogen has the potential to inhibit lung metastasis from rat HCCs in vivo by suppression of hepatocyte growth factor and IL-6 production.
However, the role of HO-1 in the metastasis of liver cancer is still undefined. In this study, we investigated the role of HO-1 in the migration of HepG2 cells. Overexpression of HO-1 in HepG2 cells inhibited cell migration. In contrast, cells that overexpressed mutated HO-1 increased migration and IL-6 expression, which was reversed by the addition of CORM-2 or p38MAPK inhibitor (SB203580). Furthermore, we also found that HO-1 overexpression inhibited growth of HepG2 xenografts in BALB/c-nu mice.
Materials and methods
Cell culture, treatment and drug preparation The human HepG2 hepatoma cells were maintained in Dulbecco's modified Eagle's medium that was supplemented with 10% fetal bovine serum, 100 U/ ml penicillin G and 100 lg/ml streptomycin at 37°C in a humidified incubator containing 5% CO 2 . Tricarbonyldichlororuthenium (II) dimer (CORM-2), ruthenium (III) chloride hydrate (RuCl3) and SB203580 (Sigma, Shanghai, China) stock solutions were prepared by dissolving in dimethyl sulfoxide at a concentration of 20 mM of stock solution.
Cell transfection
HepG2 cells were seeded at a density of 2 Â 10 5 cells in a six-well plate and grown to 60-70% confluency in growth media. Cells were transfected with pcDNA3.1(þ) containing mouse wild-type HO-1 or G143H mutant using the Lipofectamine 2000 transfection reagent (Invitrogen, Carlsbad, CA). The stable cell lines were selected with 500 lg/ml G418 (Sigma) and screened for HO-1 protein expression. For gene silencing, the pLL3.7, pLL3.7-HO1shRNA1(sh1), pLL3.7-HO-1shRNA2(sh2) (4 lg) that were kindly provided by Prof Hong Zhou (Academy of Military Medical Sciences, Beijing, China) or IL-6 siRNA (100 pmol) (Genepharma, Shanghai, China) was transiently transfected into HepG2/mutHO-1G143H cells using the Lipofectamine 2000 transfection reagent (Invitrogen). Scramble siRNA served as negative control. After 24 h, the transfected cells were used for further experiments. IL-6 siRNA:
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Ó The Author 2011. Published by Oxford University Press. All rights reserved. For Permissions, please email: journals.permissions@oup.com 5#-GGACAUGACAACUCAUCUCTT-3# (antisense), 5#-GTCCUGUACU-GUUGAGUAGAG-3#; Scramble siRNA: 5#-UUCUCCGAACGUGUCAC-GUTT-3# (antisense), 5#-ACGUGACACGUU CGGAGAATT-3#.
HO activity assay HO activities in the transfected cells were determined by measuring the formation of bilirubin as described previously (23) . Briefly, cells were homogenized on ice with 0.25 M sucrose, 20 mM Tris-HCl (pH 7.4) buffer. Homogenates were mixed with 5 mM deferoxamine, 25 lM hemin or 5 lM hemin, 15 lM bovine serum albumin, 1 mM NADPH, 0.1 M potassium phosphate (pH 7.4) and purified biliverdin reductase and cytochrome P450 reductase (ProSpec, Rehovot, Israel). After incubation at 37°C for 60 min, any insoluble material was removed by centrifugation and supernatants were analyzed for bilirubin concentration by reverse phase high performance liquid chromatography.
Cell viability assay
Cell viability were determined by 3-(4,5-dimethylthiazole-2-yl)-2.5-diphenyltetrazolium bromide (MTT) assay. HepG2 cells were seeded in 96-well culture plates in culture medium. After 24 h, the medium was changed to fresh culture medium containing different concentrations of CORM2, RuCl3 or SB203580. MTT assays were performed 24 h after treatment. At the time of the assay, the cells were stained with 20 ll MTT (5 mg/ml) (Sigma) at 37°C for 4 h and subsequently made soluble in 150 ll dimethyl sulfoxide. Absorbance was measured at 490 nm using a microtiter plate reader.
Cell migration assay
To detect the ability of cells to migrate in vitro, we used the transwell chamber assay. Briefly, HepG2 cells (2 Â 10 5 ) were placed in the upper compartment of a 24-well transwell unit with 8 lm polycarbonate nucleopore filters (Corning Costar, Cambridge, MA). Medium containing 10% fetal bovine serum was added to the lower compartment. The cells were then incubated for 24 h in a humidified atmosphere of 5% CO 2 at 37°C. Cells were fixed with methanol and stained with hematoxylin for 10 min followed by a brief eosin treatment. Cells on the upper surface of the filter were removed mechanically by wiping with a cotton swab, and the migration phenotypes were determined under a light microscope at Â10 or Â20 magnification by counting cells that migrated to the lower side of the filter. Five representative areas were photographed, and the number of cells in each area was counted. Each experiment was performed in triplicate.
Semiquantitative reverse transcription-polymerase chain reaction Total RNA was isolated with an RNA extraction kit (AxyGen, Union City, CA) according to the manufacturer's protocol, and the concentration of total RNA was measured with a Nanodrop 2000c. RNA (1 lg) was converted to cDNA by reverse transcriptase (Promega, Madison, WI) at 42°C for 50 min and at 72°C for 15 min. The polymerase chain reaction product of each sample was analyzed by electrophoresis in a 1.5% agarose gel, visualized by ethidium bromide staining and photographed under ultraviolet light. The oligonucleotide primer sequences used were as follows: HO-1 5#-GCAGAGGGTGATAGAAGAGG-3#, (antisense) 5# GGACCCATCGGAG AAGC3#; IL-6 5#-ACAAATTCGG-TACATCCTCG-3#, (antisense) 5#-CTCT GGCTTGTTCCTCACTA-3# and b-actin 5#-ACCTCATGAAGATCCTCACC-3#, (antisense) 5#-TTTCGTGGA-TGCCACAGGAC-3#. The annealing temperatures for HO-1, IL-6 and actin were 64, 56 and 60°C, respectively.
Western blot analysis
After a rinse with phosphate-buffered saline (PBS), the cells were lysed in ice for 30 min in lysis buffer (Biyuntian, Shanghai, China) containing a cocktail protease inhibitor (Roche, Shanghai, China). After centrifugation at 12 000g for 15 min, the supernatant was separated and stored at À70°C, until use. The protein concentration was determined by using a BCA protein assay kit. Protein samples were electrophoresed on a 12% sodium dodecyl sulfatepolyacrylamide gel and transferred to polyvinylidene difluoride membrane at 70 V for 3 h. The blots were incubated in fresh blocking buffer PBST (0.1% Tween-20 in PBS containing 5% non-fat dry milk, pH 7.4) for 2 h followed by incubation with the indicated antibodies in PBS with 5% non-fat dry milk for overnight at 4°C: HO-1 1:2000 (Santa Cruz Biotechnology, Santa Cruz, CA), Phospho-p38 1:1000, p38 1:1000 (Cell Signaling Technology, Danvers, MA). After washing with PBST three times, the blots were incubated with a horseradish peroxidase-conjugated secondary antibody (1:10 000) in PBS with 5% non-fat dry milk for 2 h at room temperature. The blots were washed again three times in PBST buffer and transferred proteins were detected with an enhanced chemiluminescence detection kit (Applygen, Beijing, China).
Detection of endogenous CO content
The CO content in the blood of transgenic HO-1G143H mutant mice (23) and littermate controls was assessed spectrophotometrically by measuring the conversion of deoxyhemoglobin (deoxy-Hb) to carbonmonoxy hemoglobin (HbCO). The amount of HbCO formed was quantified by measuring the absorbance at 540 nm. The blood of transgenic mice were collected and assayed for CO content using endogenous CO detection kit (Nanjing Jiancheng, Nanjing, China) according to the manufacturer's instructions.
Soluble IL-6 protein quantification Cell medium was harvested and assayed for IL-6 protein levels using the DuoSetÒ Human IL-6 ELISA kit (R&D Systems, Beijing, China). HepG2 cells (2 Â 10 5 ) were plated onto 3.5 cm plates and were allowed to adhere overnight. After treatment for 24 h, cell medium was collected and IL-6 protein levels were assayed according to the manufacturer's instructions.
In vivo tumor model BALB/c-nu nude mice (aged 4 weeks) were purchased from Shanghai Laboratory Animal Center (Shanghai, China). All animal experiments were approved by the Institutional Animal Care and Use Committee of Harbin Medical University. Mice housed under identical conditions were allowed free access to a standard diet and to tap water with a 12 h light:12 h dark cycle. Four-week-old male nude mice were anaesthetized by barbital sodium at 70 mg/kg bodyweight and a laparotomy was performed. Orthotopic HCC was established by injection of 1 Â 10 6 cells in 50 ll of sterile PBS into the left lobe of the liver. Post injection bleeding and tumor cell escape were avoided by local compression. The laparotomy was closed in two layers by continuous suture with absorbable material. After 7 weeks, the mice were killed, and their livers were harvested for paraffin embedding, sectioning and histological examination after hematoxylin and eosin staining. Ten animals were included in each group. Data are shown for representative experiments.
Statistical analysis
All data presented in the present study have been repeated at least three times from three independent experiments and are expressed as the mean ± standard error. Student's t-test was performed to determine the significance of the respective group for each experimental test condition. P , 0.01 or P , 0.05 indicated a significant difference.
Results

HO-1 inhibits the migration of HepG2 cells
Our previous studies found mouse HO-1G143H mutants were in competition with wild-type HO-1 to bind heme (23) . In this study, we used HO-1G143H mutant overexpression to mimic HO deficiency. We first established HepG2 stable cell lines transfected with empty vector (mock), wild-type HO-1 (H1A, H1B) or HO-1G143H mutant (mH1) expression vector. The expression of HO-1 in the reconstituted HepG2 cell lines was verified by western blot ( Figure 1A ). Western blot results cannot discriminate between wild-type HO-1 and HO-1G143H mutants expression because they both express the epitope recognized by the antibody to HO-1. Next, we compared the HO activities of wild-type HO-1 and G143H mutants in the reconstituted HepG2 cell lines by measuring bilirubin formation using previous methods (23) ( Figure  1B ). HO activity in HepG2/H1B cells significantly increased compared with that of mock cells under conditions of excess hemin (25 lM). No significant difference was found between HepG2/mock and HepG2/ mH1 under conditions of excess hemin ( Figure 1B, 25 lM) . Stable expression of HO-1G143H mutants resulted in reduced HO activities when compared with the HepG2/mock and HepG2/H1B cell lines under the conditions of insufficient hemin (5 lM). This result also explained the competitive inhibition between HO-1G143H mutant protein and endogenous wild-type HO-1 that is also expressed in these cells. To explore the potential ability of HO-1 in regulating HepG2 cells migration, we performed the cell migration assay. The results revealed that overexpression of HO-1 decreased HepG2 cell migration, conversely, overexpression of HO-1G143H mutant increased cell migration ( Figure  1C ).
To further confirm this result, we silenced the expression of HO-1 using the lentivirus vector (pLL3.7) containing HO-1shRNA (HO1sh1, HO-1sh2) in HepG2/H1B cells. As seen in Figure 2A and B, messenger RNA levels of HO-1 were knocked down 24 h after A molecular brake on HCC cell migration silencing (49.1 or 33.7% inhibition for HO-1sh1 or HO-1sh2); protein levels of HO-1 were knocked down 24 h after silencing (45.8 or 16.4% inhibition for HO-1sh1 or HO-1sh2). HO-1 knockdown increased the migration of HepG2/H1B cells ( Figure 2C ). Together, these results demonstrate that HO-1 inhibits the migration of HepG2 cells and that this effect is correlated with HO activity.
IL-6 is a direct effecter of HO-1-regulated migration of HepG2 cells Maeda et al. reported that IL-6 is a critical regulator in liver metastasis (24) . It is also reported that HO-1 plays an anti-inflammatory role by inhibiting the expression of IL-6 in macrophages (25) . Therefore, we hypothesized that HO-1 inhibited HepG2 cell migration by inhibiting the production of the cytokine IL-6. To test this hypothesis, we assessed the effect of HO-1 on the expression of IL-6 using reverse transcription-polymerase chain reaction and ELISA. The results indicated that HO-1 overexpression suppressed the messenger RNA and protein levels of IL-6, however, overexpression of mutant HO-1G143H significantly upregulated the expression of IL-6 ( Figure  3A) . Silencing the expression of HO-1 significantly increased the expression of IL-6 in HepG2/H1B cells. And the effect of HO1shRNA1 was found to be stronger than HO-1shRNA2 ( Figure 3B ).
To confirm that HO-1 inhibited the migration of HepG2 cells by IL-6 regulation, we silenced the expression of IL-6 in HepG2/mH1 cells. As shown in Figure 3C , the messenger RNA and protein levels of IL-6 were significantly reduced 24 h after silencing IL-6 using reverse transcription-polymerase chain reaction and ELISA. The cell migration assay suggested that IL-6 knockdown led to a decreased in HepG2 cells migration ( Figure 3D ). Taken together, these results demonstrate that HO-1 inhibits cell migration by inhibiting the expression of IL-6.
CO released from HO-1-catalyzed heme degradation is involved in regulating HepG2 cell migration and the expression of IL-6 Some groups have reported that the main function of HO-1 depends on its enzymatic products, such as CO, free iron and bilirubin (7) . There is growing interest in the role of CO in the anti-inflammatory of HO-1.
And our results found blood CO content of transgenic HO-1G143H mutant mice (23) was significantly reduced as compared to the littermate control ( Figure 4A ). Therefore, we hypothesized that the antimigratory effects of HO-1 might be mediated by its product CO. Some groups reported a series of transition metal carbonyls, termed carbon monoxide-releasing molecules (CORMs), which mimicked some physiology effects by induction of HO-1, which increases endogenously generated CO (26, 27) . To explore our hypothesis, we treated HepG2/ mH1 cells with a CO-releasing molecule, CORM-2, to supply CO at various concentrations (10-100 lM) or at different times (0-24 h). The results suggested that CORM-2 supplementation in HepG2/mH1 cells inhibited the expression of IL-6 in a dose-and time-dependent manner ( Figure 4C and D) . At the same time, this treatment reduced their migration in a dose-dependent manner. After treatment with CORM-2 (10 and 50 lM) for 24 h, migration of HepG2/mH1 cells was significantly (P , 0.05) reduced (25 and 68.5% inhibition, respectively), as compared with the control (Figure 4E ). Importantly, RuCl3 did not affect the migration demonstrating that the effect of CORM-2 was due to CO and not the presence of the ruthenium base compound ( Figure 4F ). These effects were not because of cytotoxicity of the compounds, as cell viability was not significantly modified by either CORM-2 (10-50 lM) or RuCl3 (20-100 lM), as determined by the MTT assay ( Figure 4B ). These findings suggest that the CO released from heme has a role in controlling the expression of IL-6 as well as the subsequent migration of HepG2 cells.
Involvement of p38MAPK phosphorylation in HO-1/CO regulating the expression of IL-6 and the migration of HepG2 cells
The p38MAPK pathway has been previously implicated in the regulation of CO-mediated anti-inflammatory signaling in macrophages (28) . We hypothesized that the anti-migratory effects of HO-1/CO might be mediated via inhibition of p38MAPK phosphorylation. To test this hypothesis, we detected the level of phosphorylated p38MAPK after silencing HO-1 in HepG2/H1B. As shown in Figure 5A , silencing HO-1 significantly enhanced the phosphorylation of p38MAPK. To assess the effect of CO on activation of p38MAPK, we treated HepG2/mH1 cells with 50 lM CORM-2 for 0.5-24 h. The results indicated that the phosphorylation p38MAPK level was decreased by treatment with 50 lM CORM-2, this effect reached a maximum at 2 h and declined thereafter ( Figure 5B ). To further confirm the role of this pathway in regulation of IL-6 level and migration, we treated HepG2/mH1 cells with SB203580, an inhibitor of p38MAPK for 24 h. We found the level of IL-6 messenger RNA was dose dependently reduced after treatment with SB203580 at various concentrations (0-25 lM) ( Figure 5C ). The cell migration assay results indicated that 25 lM SB203582 inhibited the migration of HepG2/mH1 cells ( Figure 5D ). MTT assay verified that cell viability was not significant modified by 5-25 lM SB203582 ( Figure 5E ). Together, these results suggest that the p38MAPK signaling pathway mediates the HO-1/CO/IL-6 pathway, which ultimately leads to the regulation of HepG2 cell migration.
HO-1 overexpression reduced the tumor size of HepG2 xenografts
To further determine the role of HO-1 in tumor growth and metastasis in vivo, we compared the ability of each cell line to form xenograft tumors. HepG2/mock, HepG2/H1B and HepG2/mH1 cells were injected into the left liver lobe of athymic nude male mice. Tumors developed in all injected mice. These mice were killed 7 weeks after inoculation. Metastasis to distant organs was not observed in all cases, as expected from the clinical observation that extrahepatic tumor spread of human HCC occurs at a relatively late stage and less frequently than intrahepatic metastasis. As shown in Figure 6A , three groups were observed to develop multiple small liver tumors, which were clearly distinct from the principal tumor, and were occasionally located in the uninjected lobe. These lesions were considered to be intrahepatic metastatic lesions that mimicked clinical behavior. We could not calculate the numbers of intrahepatic metastasis nodules because many liver tumors had grown together. We analyzed the area of tumors using ImageJ software. The average tumor area was 1.42 ± 0.57cm 2 in the control group, 0.40 ± 0.13 cm 2 in the HepG2/H1B-bearing mice group (P , 0.001), 3.19 ± 0.22 cm 2 in the HepG2/mH1-bearing mice group (P , 0.001) ( Figure 6B ). Next, we performed histological analysis on the dissected tumors. These nodules were confirmed as HCC by hematoxylin and eosin staining. Hematoxylin and eosin staining revealed a few well-defined tumors and obvious necrosis ( Figure 6A ). In conclusion, these data suggested that expression and activity of HO-1 in HepG2 cells regulated the tumor size of HepG2 xenografts.
Discussion
Elevated HO-1 has been detected in several cancer cell lines and tumors, including lymphosarcoma, adenocarcinoma, hepatoma, glioblastoma, HO-1sh1 or HO-1sh2) ; pLL3.7 was used as control. After 24 h, messenger RNA (A) and protein (B) expression of HO-1 were detected using reverse transcription-polymerase chain reaction and western blot analysis, respectively. Actin was used as an equal loading control for normalization. (C) HepG2/H1B cells were transfected with pLL3.7-HO-1sh1 for 24 h, plated on transwell inserts and allowed to migrate for 24 h toward media with 10% fetal bovine serum. Left, representative photos, right (graph), quantitative analysis for the cells migrating through the filter in three independent experiments. ÃÃ P , 0.01 versus control.
A molecular brake on HCC cell migration melanoma, prostate cancers, Kaposi sarcoma, squamous carcinoma and pancreatic cancer, thereby affecting tumor cell apoptosis, proliferation, invasion and metastasis (7) . Furthermore, HO-1 gene polymorphisms have been associated with an increased cancer susceptibility (29) (30) (31) . However, studies regarding to the role of HO-1 in tumor progression are still controversial. Recently, the influence of HO-1 on tumor metastasis has attracted the attention of researchers. Lin et al. (9) reported that HO-1 inhibits breast cancer invasion by suppressing the expression of matrix metalloproteinase-9. Conversely, another group suggested that HO-1 promoted metastasis and invasion by upregulated of matrix metalloproteinase-1expression (10). Furthermore, Gueron et al. (11) found that overexpression of HO-1 in prostate cancer cells resulted in markedly reduced cell proliferation and migration. Even though the role of HO-1 in liver cancer cell growth was proposed, its role in HCC metastasis has yet to be elucidated. In the present study, we first discover that the abnormal expression of HO-1 inhibit the ability of human HCC cells to migrate in vitro and in vivo.
There has been increasing evidence for a causal relationship between inflammation and cancer. Inflammation plays an important role in the tumor microenvironment (32) . An increasing body of evidence indicates a key role of the pleiotropic cytokine IL-6 in the process of liver damage and carcinogenesis (24, 33, 34) . Transfection of IL-6 into non-metastatic HCC cells makes them highly metastatic (35) . HO-1 is commonly regarded as a potent anti-inflammatory enzyme. Numerous reports have demonstrated that activation of HO-1 diminishes inflammation and may result in immunosuppression. The importance of HO-1 is elegantly illustrated by studies in HO-1 À/À mice, in which HO-1 deficiency results in a strongly increased generation of proinflammatory cytokines, including IL-6 (36). Therefore, we speculated that HO-1 may inhibit the migratory ability of HCC cells by regulating the level of IL-6. The results from our present study lend support to the possible involvement of HO-1 in the downregulation of IL-6, thereby conferring metastatic potential to HCC cells. Consistent with above findings, the expression of IL-6 was significantly enhanced in HepG2/mH1 cells, which obtain a high migratory ability via stably transfected mutant HO-1G143H.
Future studies are needed to elucidate the mechanism of HO-1 regulating the expression of IL-6 in HepG2 cells. Although the exact mechanisms underlying the anti-inflammatory functions of the HO-1 have not been fully elucidated, CO has been described as an efficient anti-inflammatory mediator in several models of inflammation and tissue injury. For example, in lipopolysaccharide-stimulated macrophages, CO significantly decreased the production of tumor necrosis factor and IL-6 (37). However, it is still unclear if CO is involved in HO-1 regulating the expression of IL-6 in tumor cells.
The crystal structure of the truncated rat and human HO-1 suggests that Gly139 and Gly143 interact directly with heme. Gly139His (G139H) and Gly143His (G143H) mutants of HO-1 bind heme but have no HO activity (38) . Our previous studies find G139H and G143H mutants are in competition with wild-type mouse HO-1 to bind heme (23) . We found that HO activity of the mouse HO-1G143H mutant transformants was reduced as compared with control under the conditions of insufficient heme ( Figure 1B) . Transgenic HO-1G143H females present with anemia, enlarged spleens and iron overload. These phenotypes constitute the most obvious similarity with HO-1 À /À mice (23) . Therefore, in this study, we used mutant HO-1G143H overexpression to mimic HO deficiency. If HO-1G143H mimics HO deficiency, then mutant HO-1G143H overexpression will result in the reduction of the products of heme degradation, including CO. To further verify it, we detected the CO content in blood of mutant HO-1G143H transgenic mice because we cannot detect the CO content in cells. The results revealed that the CO content in blood of mutant HO-1G143H transgenic mice was reduced significantly as compared with the littermate control. Our data in vitro verified that supplementing CO rescued the enhanced cell migration and IL-6 expression by treating HepG2/mH1 cells with CORM-2. We noticed IL-6 levels appeared dip at 50 lM and then come back up at 100 lM. The CORM-2 toxicity determination demonstrated that 100 lM CORM-2 have slight cell toxicity (data not shown). Therefore, we speculated high IL-6 levels after treatment with 100 lM CORM-2 were due to cell damage followed by IL-6 releases. The use of CORM-2 in this study raises some question as to whether the effects seen are due to direct effects of CO or secondary effects of CORM-2. We excluded the effect of the ruthenium metal center using RuCl3, a CORM-2 analogue, as negative control. The data demonstrated that RuCl3 had no effects in the models studied. These results indirectly A molecular brake on HCC cell migration suggest that CO may be responsible for the reduced migration induced by HO-1 in HepG2 cells. CO is a secondary messenger with multiple biological activities. Depending on the cell type, CO can activate one or both of the key signaling pathways in numerous physiological and pathophysiological conditions (39, 40) . One of the pathways is soluble guanylate cyclase/cyclic guanosine monophosphate, which has been implicated in mediating the effects of CO on vascular contractility, the inhibition of smooth muscle proliferation (40) , neurotransmission (41) and preventing apoptosis in endothelial cells (42) and fibroblasts (43) . Another pathway is the p38MAPK pathway, through which CO can mediate the anti-inflammatory actions (28, 43, 44) . Moreover, CO significantly decreased the production of IL-6 by interfering with activator protein-1 activity via a c-Jun N-terminal kinase pathway in lipopolysaccharide-stimulated macrophages (37) . However, the precise mechanism of HO-1/CO regulation of migration and IL-6 gene in human HCC cells is still undefined. The results from the present study suggest that HO-1 suppresses the activation of p38MAPK. Supplementation of CO in HepG2/mH1 cells inhibited the activation of p38MAPK in a time-dependent manner. We verified that SB203580 (p38MAPK inhibitor) decreased the migration and IL-6 expression of HepG2/mH1 cells. In conclusion, HO-1/CO attenuated the expression of IL-6 and cell migration by inhibiting the activation of p38MAPK.
HCC can invade the portal vein and metastasizes to other parts of the liver even at a relatively early stage of the disease, with less tumor spread occurring outside the liver. This intrahepatic metastasis is the main cause of liver failure and death in HCC patients (45) . We found the intrahepatic metastasis nodules in the liver of many mice. But we could not calculate the numbers of nodules because they had growth together. The tumor size from the three groups of mice had obvious difference. We speculated HO-1 regulated growth of liver cancer cells. But we cannot exclude the effect of HO-1 on intrahepatic metastasis. We hope to elucidate the effect of HO-1 on tumor growth and metastasis using other methods in the future.
In conclusion, the findings presented in this study illustrate that both in vivo and in vitro conditions, HO-1 plays an important role in HCC progression. Increasing intracellular HO-1 protein levels by transfecting cells with the HO-1 expression vector significantly inhibited the migration of HepG2 cells and led to the suppression of IL-6 and p38MAPK activation. In addition, CO reduces the migration of HCC cells by suppressing IL-6 and p38MAPK activation. These results suggest that HO-1 inducers and/or effecter might play a role as a therapeutic agent in the inhibition of tumor metastasis. A molecular brake on HCC cell migration
